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A method for inspecting distortion characteristics of a

projection optical system to be inspected by arranging a
mask formed with measurement patterns at a plurality
of predetermined positions on the object surface side of
the projection optical system, transferring projected
images of the plurality of measurement patterns onto a
photosensitive substrate arranged on the image surface
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second measurement patterns are arranged adjacent to
each other to be separated by a predetermined interval
AT in one direction at positions on the mask corre-
sponding to a plurality of points at which distortion
amounts are to be inspected in a projection view field of
the projection optical system, onto the photosensitive
substrate via the projection optical system;

the step of exposing the mask onto the photosensitive
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DISTORTION INSPECTING METHOD FOR
PROJECTION OPTICAL SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an inspection method
of distortion (a magnification error, a distortion of a
projected image, and the like) characteristics of a pro-
jection optical system attached to a projection exposure
apparatus, which is used in the manufacture of, e.g., a
semiconductor element, a liquid crystal display element,
a thin-film magnetic head, or the like in a photolithogra-
phy process.

2. Related Background Art

In recent years, in the manufacture of a semiconduc-
tor element, a liquid crystal display element, a thin-film
magnetic head, or the like in a photolithography pro-
cess, a projection exposure apparatus for exposing a
pattern on a photomask or a reticle (to be referred to as
a “reticle” hereinafter) on a photosensitive substrate via
a projection optical system is used. The imaging charac-
teristics required for the projection optical system of
such a projection exposure apparatus have a very strict
allowable range. Of the imaging characteristics, espe-
cially, distortion characteristics (imaging characteristics
including a magnification error and a distortion of a
projected image) of the projection optical system are
adjusted to be optimized in a state wherein the projec-
tion optical system is assembled in the projection expo-
sure apparatus. In this case, the distortion characteris-
tics must be measured. Conventionally, the following
measurement method is used for this purpose.

(A) Japanese Patent Publication No. 63-38697

In a method disclosed in this reference, a main vernier
(main scale) and a sub vernier (sub scale) formed on a
test reticle are printed to overlap each other on a resist
layer of a photosensitive substrate (e.g., 2 dummy wa-
fer), and a relative displacement between the resist pat-
terns (main and sub scales) after development is visually
inspected. More specifically, the main and sub vernier
patterns are formed adjacent to each other at each of
the central point of the test reticle and a plurality of
points to be measured in a pattern formation region.
Upon inspection, the entire surface of the reticle is ex-
posed at a predetermined position on the photosensitive
substrate, and thereafter, exposure is repeated while
sequentially moving the photosensitive substrate, so
that the projected image of the main vernier pattern at
the central point overlaps the position of each of the
previously exposed sub vernier patterns at the plurality
of points. This movement is attained by a precision
moving stage comprising a high-precision length mea-
suring device such as a laser interferometer. Also, the
moving amount is uniquely determined in correspon-
dence with the designed interval between the central
point on the reticle and each of the plurality of points.
After the moving stage is precisely moved by a distance
corresponding to the interval, the projected image of
the main vernier pattern at the central point is exposed
at the position of each sub vernier pattern previously
exposed on the photosensitive substrate.

On the photosensitive substrate after development,
resist images of overlapping main and sub vernier pat-
terns are formed at a plurality of positions around the
resist image of the main vernier pattern corresponding
to the central point on the reticle. When the resist image

of the overlapping vernier patterns is read visually (via
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a microscope), an overlapping error amount at that
point can be obtained. If the feed operation of the mov-
ing stage is sufficiently precise, the read value (overlap-
ping error amount) of the vernier patterns corresponds
to a distortion amount at that point. Thus, by reading
the resist images of the overlapping vernier patterns at
the respective points, the distortion amounts (deviation
amounts) at the respective points are obtained, thereby
confirming the distortion characteristics over the entire
projection field of the projection optical system.

(B) Japanese Laid-Open Patent Application No.
59-94032 (corresponding U.S. Pat. No. 4,629,313)

A method disclosed in this reference does not require
printing onto a photosensitive substrate unlike in the
above-mentioned prior art (A). For this purpose, a pho-
toelectric sensor with a very small slit opening is ar-
ranged on a moving stage in a projection optical appara-
tus so as to directly photoelectrically detect a portion of
a projected reticle pattern. More specifically, slit-
shaped marks are formed at a plurality of designed
positions on a test reticle, and the entire surface of this
reticle is projected onto the moving stage by the projec-
tion optical system. The moving stage is moved, so that
the image of each of the projected marks 1s detected by
the photoelectric sensor, and the position 1s measured
by a laser interferometer, thereby obtaining the pro-
jected position of each mark. Thereafter, the distortion
characteristics of the projection optical system are cal-
culated from the relationship between the measured
mark positions and the mark arrangement on the reticle.

(C) Japanese Laid-Open Patent Application No.
63-177421 (corresponding U.S. Pat. No. 4,780,616)

In a method disclosed in this reference, a slit-shaped
light-emitting mark is arranged on a moving stage in
pace of the photoelectric sensor in the prior art (B), the
light-emitting mark is reversely projected onto a reticle
via a projection optical system to scan a plurality of
marks on the reticle with the light-emitting mark image
by moving the moving stage, and the amount of light
transmitted through the reticle is received by a photoe-
lectric sensor arranged in an exposure illumination opti-
cal system. The coordinate position on the moving
stage, where the light-emitting mark overlaps each of
the plurality of marks on the reticle is measured by a
laser interferometer, and the distortion characteristics
are measured on the basis of the measured coordinate
positions and the mark arrangement on the reticle.

(D) Other Methods

As another method, a test reticle formed with a plu-
rality of marks whose positions are known in advance 1s
exposed on a photosensitive substrate via a projection
optical system, the positional relationship among resist
images of the formed marks after development is di-
rectly measured by a high-precision measurement de-
vice, and the measurement values are compared with
the designed positions of the marks on the reticle,
thereby obtaining the distortion characteristics. As a
method without development, latent images of marks
exposed on a resist layer of a photosensitive substrate,
or mark images exposed and visualized on a photochro-
mic layer formed on the surface of a photosensitive
substrate in place of the resist layer may be detected.

The above-mentioned prior arts suffer from the fol-
lowing drawbacks or problems.

In the prior art (A), since the stage on which the
photosensitive substrate is placed is two-dimensionally
and repetitively step-moved to expose patterns to par-
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tially overlap each other, stop precision of the stage to
each step-movement position, yawing precision, and the
like are undesirably included in the measurement value
of the distortion amount as an error. Furthermore, since
the distance from the main vernier pattern at the central
portion on the test reticle to the sub vernier pattern on
a peripheral portion is as large as a maximum of about
>0 mm, a drawing error (arrangement error) of each
vernier pattern upon manufacture of the test reticle may
sometimes be large, and be included in the measurement
value of the distortion amount as an error. Such errors
upon manufacture of the reticle may be measured in
advance using another high-precision measurement
device, and may be canceled if the measured errors are
used as correction values upon calculation of the distor-
tion amounts. However, an error corresponding to the
precision of the correction values, in other words, cor-
responding to the measurement precision of the high-
precision measurement device still remains.

Also, since the prior art (A) requires a large number
of times of partial overlapping exposure, a relatively
long period of time is required until all overlapping
exposure processes are completed. The long exposure
process time for measurement poses a serious problem
since the measurement result is directly influenced by
deterioration (drift) of alignment precision caused by
stability (e.g., air fluctuations) of the laser interferome-
ter used in position measurement of the moving stage, as
well as an increase in load on an operator and a decrease
in throughput.

Since the prior arts (B) and (C) do not require a de-
velopment process which is indispensable in the prior
art (A), the load on an operator is reduced accordingly.
However, the problems of moving precision of the
moving stage, stability of the laser interferometer, the
arrangement errors of marks on the reticles, and the like
are similarly posed as in the prior art (A). Furthermore,
in the prior arts (B) and (C) as well, since the number of
times of movement of the stage is large, a considerably
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long period of time is required until the positions of all 40

marks (e.g., 200 marks) are measured.

Of the prior arts (D), the method for detecting latent
images or the like is convenient in that the development
process 1s omitted. However, not only improvement of

detection precision of latent images, but also moving 45

precision of the moving stage, temporal stability of the
laser interferometer, arrangement errors of reticle
marks, and the like remain unsolved as unavoidable
problems.

As described above, in conventional distortion mea-
surement, as problems of the exposure apparatus, step
movement precision and moving precision (including
unstable factors of the laser interferometer) of the mov-
ing stage are common drawbacks. Furthermore, the
prior art (A) requires a very long period of time for the
exposure operation, and the prior arts (B), (C), and (D)
require a very long period of time for the measurement
operation.

SUMMARY OF THE INVENTION

It 1, therefore, an object of the present invention to
provide a distortion inspection method, which can solve
the above-mentioned problems, and can improve preci-
s1ion.

It 1s another object of the present invention to pro-
vide a method for satisfactorily correcting stepping
errors (stepping correction errors), and quickly obtain-
ing precise distortion measurement results. It is still
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another object of the present invention to provide a
method for satisfactorily correcting a magnification
error caused by a difference between rotation errors of
shots having different measurement directions, and
quickly obtaining precise distortion measurement re-
sults.

In order to achieve these objects, according to the
present invention, the number of times of overlapping
exposure of measurement marks on a test reticle onto a
photosensitive substrate (a substrate coated with a pho-
toresist or photochromic layer) is limited to at least two,
and a moving stage is moved only once during these
exposure processes. More specifically, the present in-
vention executes the first step of projecting and expos-
ing a mask (reticle R), on which a pair of a first measure-
ment pattern (BMx or BMy) and a second measurement
pattern (BSx or BSy) are formed adjacent to each other
to be separated by a predetermined interval AT (ATx or
ATy) in one direction (X or Y direction) at each of
positions corresponding to a plurality of distortion
amount measurement points in a view field of a projec-
tion optical system to be inspected, onto a photosensi-
tive substrate (wafer W). Thereafter, the second step of
immediately moving the mask and the photosensitive
substrate relative to each other by an amount deter-
mined by the interval AT (AT when the mask is moved:
M-AT in consideration of a projection magnification M
when the wafer W is moved), and projecting and expos-
ing the pattern on the same mask onto the photosensi-
tive substrate is executed. Since the interval AT is about
1 mm on the mask, the time interval between the expo-
sure processes in the first and second steps is only the
moving titne of the mask or wafer, and is normally
within 1 sec. Thereafter, the relative displacement or
position deviation amount of the overlapping images,
formed on the photosensitive substrate, of the first and
second measurement patterns (these patterns may be
laterally shifted in a non-measurement direction) is mea-
sured at each of a plurality of different image height
points in a projection view field. This measurement
value is a differential value associated with a small
width AT at the corresponding image height point on a
distortion curve, in other words, an inclination amount
on the distortion curve at a certain image height point.

Then, the step of calculating a distortion amount at
that image height point by sequentially accumulating
the measured relative displacements in the order of
image height values is executed.

The term *“‘accumulating” herein means that the dis-
tortion amount at a certain image height point of inter-
est 1s calculated as a sum of values measured at image
height points smaller than the point of interest.

Furthermore, the distortion inspection method for
measuring the differential value is improved as follows.

The method comprises: the first step (step 101) of
exposing an image (7P) on a mask, on which, at a plural-
ity of positions to be subjected to distortion amount
inspection in a projection view field of a projection
optical system, pairs each consisting of a first main

‘measurement mark (XMy) and a first sub measurement

mark (XSy), which are aligned at an interval AT1 in a
first measurement direction (X direction), are formed at
an interval Sx in the X direction, and pairs each consist-
ing of a second main measurement mark (YMx) and a
second sub measurement mark (YSx), which are aligned
at an interval AT2 in a second measurement direction
(Y direction), are formed at an interval Sy in the Y
direction, onto a photosensitive substrate through the
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projection optical system; and the second step (steps 102
and 103) of moving the mask and the photosensitive
substrate relative to each other in the first measurement
direction by an amount (Aa=Sx—AT1) determined by
the intervals AT1 and Sx, thereafter, exposing the i1mage
(7P) on the mask onto the photosensitive substrate via
the projection optical system, moving the mask and the
photosensitive substrate relative to each other in the
second measurement direction by an amount
(Ab=Sy—AT2) determined by the intervals AT2 and
Sy, and thereafter, exposing the image (7P) on the mask
onto the photosensitive substrate via the projection
optical system.

According to the present invention, the method fur-
ther comprises: the third step (step 106) of measuring a
relative displacement, in the first measurement direc-
tion, between the image of the first main measurement
mark (XMy) and the image of the first sub measurement
mark (XSy), and a relative displacement, in the second
measurement direction, between the image of the sec-
ond main measurement mark (YMx) and the image of
the second sub measurement mark (YSx) at each of
positions, corresponding to the plurality of points to be
subjected to distortion amount inspection of the projec-
tion optical system, on the photosensitive substrate; and
the fourth step (step 102) of moving the photosensitive
substrate in the first measurement direction by an
amount (Px) substantially equal to an exposure field size
of the projection optical system, thereafter, exposing
the images of the first main measurement marks (XMy)
on the mask onto the photosensitive substrate via the
projection optical system, moving the photosensitive
substrate in the second measurement direction by an
amount (Py) substantially equal to the exposure field
size of the projection optical system, and thereafter,
exposing the images of the second main measurement
marks on the mask onto the photosensitive substrate via
the projection optical system.

According to the present invention, the method fur-
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ther comprises: the fifth step (steps 103 and 104) of 40

exposing the images of the first sub measurement marks

(XSy) near the images of the first main measurement

marks exposed in the fourth step, and exposing the 1m-
ages of the second sub measurement marks (YSx) near

the images of the second main measurement marks ex- 45

posed in the fourth step; and the sixth step (step 107) of
calculating stepping errors of the photosensitive sub-
strate in the first and second measurement directions on
the basis of intervals between the images of the first and
second main measurement marks exposed in the fourth
step, and the images of the first and second sub measure-
ment marks exposed in the fifth step, wherein the rela-
tive displacements measured in the third step are accu-
mulated while correcting the stepping errors of the
photosensitive substrate calculated in the sixth step,
thereby calculating a distortion amount of the projec-
tion optical system.

In this case, it is preferable that, from the image on
the mask exposed in the second step, a relative rota-
tional amount between a case wherein an image 1s ex-
posed after the mask and the photosensitive substrate
are moved relative to each other in the first measure-
ment direction by the amount (Aa) determined by the
intervals AT1 and Sx, and a case wherein an 1mage is
exposed after the mask and the photosensitive substrate
are moved relative to each other in the second measure-
ment direction by the amount (Ab) determined by the
intervals AT2 and Sy is calculated, the stepping errors
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of the photosensitive substrate calculated in the sixth
step are corrected to correct the relative rotational
amount, and thereafter, the relative displacements mea-
sured in the third step are accumulated to calculate the
distortion amount of the projection optical system.

As described above, according to the present inven-
tion, the distortion amount at a certain image height
point is not directly measured unlike in a conventional
method, but i1s measured as a differential value (differ-
ence). In other words, the mask and the photosensitive
substrate are finely moved within a range wherein the
distortion amount can be measured as a differential
value, and at least two overlapping exposure processes
need only be performed. For this reason, the exposure
operation can be greatly facilitated as compared to the
conventional method, and the operation time can be
shortened. Also, since the relative moving amount be-
tween the mask and the photosensitive substrate can be
small, and the time interval between the first and second
exposure processes is very short, an error of a position
measurement sensor (e.g., a laser interferometer) of a
moving stage can be minimized, and can be considered
as ‘“zero” in practice. Furthermore, since the first and
second measurement patterns formed on the mask are
arranged very close to each other, a drawing error
caused by an EB drawing device is very small. How-
ever, when the pair of the first and second measurement
patterns formed on the mask are drawn at a plurality of
positions on almost the entire surface on the mask, the
interval (Sx, Sy) between adjacent positions may be-
come larger than one field size of the EB drawing de-
vice on the mask. For this reason, arrangement errors of
the measurement pattern pairs are expected to occur.
However, such arrangement errors are not so large
errors in practice even if they exist. This 1s because even
if the measurement patterns suffer from very smail ar-
rangement errors, the error amount itself 1s considera-

bly smaller than the relative moving amount AT be-
tween the mask and the photosensitive substrate upon
overlapping exposure, and the differential value (inch-
nation) at that measurement point is normally smaller
than 1. Furthermore, the arrangement errors of the
plurality of measurement pattern pairs on the mask need
not be measured with high precision in advance, and
need only be actually measured as the positions (image
height values) of the pattern images on the double-
exposed photosensitive substrate, if necessary.
According to the improved method of the present
invention, since the stepping errors of the photosensi-
tive substrate are calculated, the stepping errors (step-
ping correction errors) are satisfactorily corrected after
a differential method i1s used, and a precise distortion

‘measurement result can be quickly obtained.

Furthermore, when the relative rotational amount
between the exposure process after movement in the

first measurement direction and the exposure process
after movement in the second measurement direction is
obtained, a magnification error caused by a difference
between rotation errors of shots having different mea-

surement directions can be satisfactorily corrected after
the differential method is used, and a precise distortion
measurement result can be quickly obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1D are graphs for explaining the princi-
ple of the present invention;
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FIG. 2 1s a plan view showing a preferred pattern
arrangement on a reticle according to the first embodi-
ment of the present invention;

FIG. 2A 1s a plan view of a pattern group of the
pattern arrangement of FIG. 2; |

FIG. 3 1s a plan view showing an internal arrange-
ment of a pattern group at a certain position in FIG. 2

FIG. 4 1s a view for explaining an overlapping expo-
sure method of pattern groups;

FIG. 5 1s a view showing a pattern shape obtained by
overlapping exposure;

FIG. 6 is a graph showing an example of distortion
characteristics;

FIG. 7 1s a diagram showing an example of an optical
measurement means for measuring the pattern shown in
FIG. §; |

FIG. 8 1s a perspective view showing an arrangement
of a typical stepper; "

FIG. 9 1s a view showing a pattern shape according
to the second embodiment of the present invention;

FIG. 10 1s a view showing the shape of a resist image
obtained according to the second embodiment;

FIG. 11 1s an explanatory view of a rotation error in
a distortion characteristic inspection method based on a
basic differential method:

FIGS. 12A, 12B, and 12C are respectively a graph
showing an example of distortion characteristics, a
graph showing the overlapping distortion characteris-
tics which are shifted in the X direction, and a graph
showing a distortion differential value so as to explain
the principle of the improved third embodiment;

FIG. 13 1s an explanatory view of the principle for
explaining a method of obtaining a rotation error in the
third embodiment;

FIG. 14 is a plan view showing a projected image of
a test reticle used in the third embodiment;

FIGS. 15A, 15B, and 15C are enlarged views respec-
tively showing a measurement mark image MP (i, j) in
the test reticle image shown in FIG. 14, and the mark
images R1 and R2 used for measuring rotation in the
test reticle image;

FIG. 16 is an enlarged view showing the detailed
shapes of fiducial mark images XMx and YMx in the
measurement mark image MP(, j);

FIG. 17A i1s a graph for explaining a method of mea-
suring a relative displacement between the mark image
shown in FIG. 16 and a mark image obtained by rotat-
ing the mark image in FIG. 16 through 180°, and FIG.
17B i1s a waveform chart showing a scanning signal
obtained from the pattern shown in FIG. 17A;

FIG. 18 1s a flow chart showing a distortion inspec-
tion method of a projection optical system according to
the third embodiment;

FIG. 19 1s a plan view showing an arrangement of
shots exposed onto a wafer in the third embodiment;

FIG. 20 1s an enlarged plan view showing an overlap-
ping state of a projected image of a first measurement
mark, and a projected image obtained by shifting the
projected image by Aa in the X direction; and

FIG. 21 1s an enlarged plan view showing a projected
image of a first measurement mark, a projected image
obtained by shifting the projected image by Aa in the X
direction, and a projected image obtained by shifting
the projected image by Ab in the Y direction.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

1. Principle of the Present Invention

10

15

20

25

30

35

45

50

35

65

8

The principle of the present invention will be de-
scribed below with reference to FIGS. 1A to 1D. FIG.
1A shows an example of distortion characteristics. In
FIG. 1A, the center of the field of view of a projection
optical system, i.e., the image height from the optical
axis i1s plotted along the X axis (abscissa), and a distor-
tion amount D(x) is plotted along the ordinate.

Assume that a plurality of measurement patterns
formed on a reticle are arranged at a predetermined
interval Sx (e.g., 5 mm on the reticle) in the X direction,
and patterns to be overlap-exposed in each measure-
ment pattern are separated by ATx (ATx < Sx) in the X
direction. A measurement pattern group (located at the
interval Sx along the X axis) exposed first on a photo-
sensitive substrate is transferred with the distortion
characteristics, as shown in FIG. 1A. Note that the
distortion amount D(x) assumes a positive value when a
point image to be originally transferred at an ideal grat-
ing point deviates in a direction to separate from the
optical axis in the projection view field with respect to
the ideal grating point, and assumes a negative value
when the point image deviates in a direction to ap-
proach the optical axis, conversely.

Then, the reticle and the photosensitive substrate are
shifted relative to each other by ATx, and exposure is
performed again. At this time, a measurement pattern
group transferred onto the photosensitive substrate is
exposed with distortion characteristics D(x+ ATX) rep-
resented by a broken curve in FIG. 1B.

A relative displacement, in the X direction, between
the two patterns formed at the interval Sx in the X
direction by overlapping exposure with the shift ATx is
measured at positions Xxg, Xj, X2, . . . separated at the
interval Sx. As a result of this measurement, data shown
in FIG. 1C are obtained. Each of relative displacements
D’(x) at the positions xg, X}, X2, . . . corresponds to the
difference between the two distortion characteristics
D(x) and D(x+ ATx) at the corresponding position, in
other words, corresponds to a differential coefficient
(inclination amount) on the distortion characteristics
D(x).

Based on these data, integration shown in FIG. 1D is
executed. More specifically, if the distortion amount to
be obtained at a position x, is represented by F(x,), an
algebraic sum of F(xp,)={D'(x0)+D'(x;) . . .
+D'(x)}-Sx/ATx is calculated. Note that n represents
the order (0, 1, 2, . . . ) of measurement points having the
central point of the projection view field as zero, and
yields F(xp)=1{D'(x0)}-Sx/ATx, and
F(x1)=1{D'(x0)+D’(x1)}.Sx/ATx. Characteristics ob-
tained by plotting an accumulation value F(x) at the
positions Xgp, X1, X2, . . . obtained by the above-mentioned
calculation are nothing but distortion characteristics
D(x) or D(x+ATYX).

In this manner, when the reticle and the photosensi-
tive substrates are moved relative each other by AT,
and overlapping exposure is performed, the relative
displacement between the two formed patterns is mea-
sured as an inclination amount on the distortion charac-
teristics (curve). In general, since the distortion of such
a projection optical system is originally very small, the
number of points to be measured is preferably increased
as much as possible. Also, since the relative displace-
ment between the patterns at each measurement point is
very small, a measurement sensor or a measurement
method with a very high resolution must be used.

2. Basic Embodiments
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The first embodiment of the present invention will be
described below with reference to FIGS. 2 to 3.

FIG. 2 shows an arrangement of various patterns
formed on a reticle R used in this embodiment. The
pattern formation region on the reticle R is defined by a
light-shielding band SB having a rectangular frame
shape. At three positions outside the lLight-shielding
band SB and on the periphery of the reticle R, reticle
marks RM;, RM;, and RM3 which are used in align-
ment (reticle alignment) upon attachment onto a projec-
tion exposure apparatus (to be referred to as a stepper
hereinafter) are formed.

In the pattern formation region, 81 measurement
pattern groups MP (see FIG. 2A) are formed 1n a 9X9
matrix. The pattern groups MP are arranged to be sepa-
rated by an interval Sx in the X direction, and by an
interval Sy in the Y direction, and one of these patiern
groups MP is arranged at the central point of the reticle
R, i.e., a point where the optical axis of the projection
optical system passes. Each pattern group MP is formed
to have a size smaller than one field size (e.g., 5 mm
square) of an electron beam (EB) exposure apparatus,
and pattern elements in one pattern group MP are si-
multaneously drawn by raster scanming, vector scan-
ning, and the like of an electron beam of the EB expo-
sure apparatus. In order to draw all the pattern groups
MP on the reticle R, a precision moving stage of the EP
exposure apparatus is step-moved by a pitch Sx in the X
direction and by a pitch Sy in the Y direction, and the
pattern group MP is drawn at each step position.

As shown in FIG. 2A, each pattern group MP in-
cludes three pattern element regions CPA, CPX, and
CPY having the same size. The pattern element region
CPA is a portion serving as the center of measurement.
The central point of the region CPX is separated from
the central point of the region CPA by ATx in the X
direction, and the central point of the region CPY is
separated therefrom by ATy in the Y direction.

A pattern element formed in each of the regions.
CPA, CPX, and CPY is a one-dimensional grating pat-
tern, as shown in FIG. 3, in this embodiment. In the
region. CPA, a grating pattern BMx formed at a prede-
termined pitch in the X direction, and a grating pattern
BMy (baving the same outer dimensions as that of BMx)
formed at a predetermined pitch in the Y direction are
arranged to have a 90° relationship therebetween. In the

region CPX, a grating pattern BSx having the same

- shape and structure as those of the pattern BMx is
formed at a position separated by ATx from the grating
pattern BMx in the X direction, and offset by Ym in the
Y direction. Furthermore, in the region CPY, a grating
pattern BSy which i1s the same as the pattern BMy 1s
arranged at a position separated by ATy from the grat-
ing pattern BMy 1 the Y direction, and offset by Xm
the X direction. The width of these grating patterns
BMx, BMy, BSx, and BSy in the direction perpendicu-
lar to the pitch direction is Ds, and in this embodiment,
Xm=Ym>Ds is set.

When such a reticle R is mounted on the stepper, and
is exposed, shift exposure shown in FIG. 4 is executed in
this embodiment. In a stepper utilizing a full field, the
patterns on the reticle R are transferred onto the photo-
sensitive substrate to satisfy a mirror-image relationship,
1.e., to be inverted in the vertical and horizontal direc-
tions. However, for the sake of simplicity, FI1G. 4 shows
the patterns under an assumption that the pattern ar-
rangement shown in FIG. 3 is exposed onto the photo-
sensitive substrate without any inversion. Although
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FIG. 4 illustrates only one pattern group MP, the same
applies to other pattern groups MP on the reticle. In the
first exposure process, the three pattern element regions
CPA, CPX, and CPY are transferred onto the photo-
sensitive substrate, as indicated by a solid line in FIG. 4.
In the second exposure process (a state indicated by an

alternate long and short dashed line in FIG. 4), the
photosensitive substrate is precisely moved by AX' in
the X direction. Furthermore, in the third exposure
process (a state indicated by a broken hine in FIG. 4),
the photosensitive substrate is moved by AY' from the
first exposure position 1n the Y direction. As a result, the
images of the regions CPX and CPY are transferred to
overlap each other at the first exposure position of the
image of the region CPA. The moving amounts AX’
and AY’ of the photosensitive substrate correspond to
the mtervals ATx and ATy of the regions CPA, CPX,
and CPY on the reticle R, and are set to satisfy
ATx=M-AX" and ATy=M-AY’ if the nominal projec-
tion magnification of the projection optical system of
the stepper is represented by M (in the case of a X 1/5
reduction scale, M=35).

As described above, on a portion of the photosensi-
tive substrate where the images of the three regions
CPA, CPX, and CPY are exposed to overlap each
other, the images of the four grating patterns BMx,
BMy, BSx, and BSy are transferred in an aligned state,
as shown in FIG. 5. When the photosensitive substrate
is developed, the grating patterns appear as resist im-
ages (three-dimensional patterns). When the relative
displacement, in the X direction, between the grating
patterns BSx and BMx. on the photosensitive substrate,
and the relative displacement, in the Y direction, be-
tween the grating patterns BSy and BMy are measured,
distortion change rates (inclination amount) in the X
and Y directions at a point in the projection view field
where the pattern group MP is located can be obtained.

As is apparent from the above description, since the
images of the three regions CPA, CPX, and CPY are
printed to overlap each other, each of the regions CPA,
CPX, and CPY on the reticle R must entirely consist of
a light-shielding layer of, e.g., chromium, and slits of the
grating pattern BS or BM must be formed in the light-
shielding layer as transparent portions so as to obtain
the grating pattern arrangement, as shown in FIG. §.
The same applies to either a positive or negative type
resist layer on the photosensitive substrate.

In this embodiment, since the reticle R shown in FIG.
21s used, 9X9, 1.e., a total of 81 overlapping portions, as
shown 1n FIG. 5, are formed at the intervals Sx and Sy
in the X and Y directions in a one-shot region (enlarged
by AX' and AY’ in practice) transferred onto the photo-
sensitive substrate. Of these overlapping portions, when
the relative displacement between the grating patterns
BMzx and BSx (resist images) in each of the overlapping
portions aligned in the X direction with reference to the
overlapping portion located at the center of the reticle
R (shot center) i1s measured, the distortion characteris-
tics F(x) in the X-axis direction in the projection view
field can be obtained, as shown in FIG. 1. Similarly,
when the relative displacement between the grating
patterns BMy and BSy (resist images) in each of the
overlapping portions aligned in the Y direction with
reference to the overlapping portion located at the shot
center 1s measured, distortion characteristics in the Y-
axis direction in the projection view field can be ob-
tained.
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An example of the detailed dimensions of the grating
pattern, the element regions CPA, CPX, and CPY, the
intervals Sx, Sy, ATx, and ATy, and the like will be
presented below. In the case of a X 1/5 reduction scale,

a projection optical system of a stepper of this type has 5
a diameter of about 30 mm on the photosensitive sub-
strate as the projection view field, and the length of one
side of a maximum square inscribed by this projection
view field is about 21 mm. Thus, when the images of
9X9 pattern groups MP are uniformly aligned in one 10
shot, the intervals Sx/M and Sy/M of the images of the
pattern groups MP on the photosensitive substrate MP
can be set to be about 2.5 mm.

More specifically, the intervals Sx and Sy on the
reticle R can be set to be 12.5 mm. On the other hand,
the resist images of the grating patterns BSx, BSy, BMx,
and BMy formed on the photosensitive substrate should
have a line-and-space pitch of 2 um and a line width of
about 1 pm to allow stable transfer. Thus, if the number
of lines in the grating pattern is 40, and the length of 20
each line is about 40 u, the size of one grating pattern on
the photosensitive substrate is about 8040 um, and
becomes 0.4X0.2 mm on the reticle. In this case, the
width Ds shown in FIG. 3 becomes 0.2 mm on the
reticle. Thus, when the intervals Xm and Ym in FIG. 3
are set to be 0.3 mm on the reticle, the size of each of the
element regions CPA, CPX, and CPY on the reticle is
about 1X1 mm square. Therefore, the intervals ATx
and ATy, in the X and Y directions, of the grating pat-
terns 1n the regions CPA, CPX, and CPY need only be
1 mm or more on the reticle, and can be about 1.2 mm
even in consideration of the space between adjacent
regions. Thus, the total size, on the reticle, of the three
regions CPA, CPX, and CPY constituting one pattern
group MP falls within a range of 2.2X2.2 mm square, 35
and can be smaller than the one field size of the EB
exposure apparatus. The size of the projected image of
one pattern group MP is 0.44 X 0.44 mm square on the
photosensitive substrate in a X 1/5 reduction scale, and
the occupation area obtained when the image of the 40
pattern group MP is overlap-exposed to be shifted by
AX' and AY’ (0.24 mm), as shown in FIG. 4, falls within
a range of 0.680.68 mm square on the photosensitive
substrate. For this reason, when the overlap-exposed
portions (0.68 mm square) shown in FIG. 4 are densely 45
aligned in one shot, the intervals (pitches) in the X and
Y directions of the overlapping portion of the images of
the three regions CPA, CPX, and CPY, i.e., Sx/M and
Sy/M can be set to be about 1 mm. Therefore, the
change rate of the distortion amount can be measured at 50
about l-mm intervals in one shot (projection view
field).

Since the images of all the pattern groups MP are
simultaneously moved by AX’ and AY’ upon relative
movement between the reticle R and the photosensitive
substrate, the sign of the relative displacement of each
measured grating pattern is reversed in the positive and
negative directions of the X and Y axes on the two sides
of the central point (a point of an image height va-
lue=0) of the projection view field. More specifically,
when the relative displacement of the grating pattern
BSx (BSy) as a sub scale with respect to the grating
pattern BMx (BMy) as a main scale is measured, the
distortion change rate D’(x) at each point on the X axis
passing the center (shot center) of the projection view 65
field has a substantially point-symmetry relationship on
the two bides of the point (shot center) where the image
height value is zero, as shown in FIG. 6. Note that FIG.
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6 shows the envelope of the characteristics shown in
FIG. 1C.

The change rate D’'(x) assumes a very small value
even at the position xo where the image height value is
zero by a shift ATx (or AX'). However, since the value
D’(xg) of the change rate at the position xg can be a
constant term appearing on an integral calculation, the
distortion amount at the point where the image height
value 1s zero can be normalized to zero by using differ-
ences obtained by subtracting D'(xp) from the values
D’(x1), D'(x2), . . . at other measurement positions x1, x»,
. . . In a subsequent accumulation calculation or by
uniformly subtracting the value F(xg) from the charac-
teristics shown in FIG. 1D obtained by the accumula-
tion. Thus, it is very significant to arrange one pattern
group MP at the central point of the reticle R. The
relative displacement between the grating patterns BM
and BS obtained by overlap-exposing the pattern group
MP at the central position, i.e., the change rate D’(xq)
includes only error amounts (moving errors) between
the intervals ATx and ATy determined upon manufac-
ture of the reticle, and the actual relative displacements
AX' and AY' between the reticle and the photosensitive
substrate. In contrast to this, the change rate measured
based on the pattern group MP at a position other than
the central point includes both the moving errors and
the distortion change rate, which are superposed on
each other. Therefore, the moving errors can be can-
celed by the above-mentioned normalization.

- When the magnification and direction of a distortion
at an arbitrary measurement point in the projection
view field are to be obtained, the distortion amount
F(xp) in the X direction and the distortion amount F(Y ;)
in the Y direction obtained at that point can be vector-
synthesized. In this manner, distortion vectors at a large
number of measurement points in the projection view
field are calculated by a computer, and are displayed as
the lengths and directions of arrows. Thus, the ten-
dency of the distortion characteristics in the projection
view field can be visually confirmed as a plane. Of
course, the one-dimensional distortion characteristics
shown in FIG. 1D may be graphically displayed.

The relative displacement (caused by a distortion)
between the grating patterns BM and BS, as shown in
FIG. S, has a very small value. For this reason, upon
measurement of the relative displacement, a measure-
ment sensor having a resolution on the order of namom-
eters 1s required. FIG. 7 shows an example of a relative
displacement detection apparatus which can satisfy
such requirements, and the basic arrangement of the
apparatus 1s disclosed in Japanese Laid-Open Patent
Application No. 62-56818 (corresponding U.S. Pat. No.
4,710,026). This apparatus will be briefly described
below. Referring to FIG. 7, if a pair of grating patterns
BMx and BSx on a photosensitive substrate W are rep-
resented by BP, two coherent laser beams 1. B1 and LLB2
are collimated via an objective lens G1, and are pro-
Jected onto the substrate W in a symmetrically inclined
state. The inclination direction of the beams 1.B1 and
LB2 coincides with the pitch direction of the grating
patterns. At this time, the beams 1LB1 and 1.B2 have a
predetermined frequency difference Af therebetween.
The incident angles of the two beams LB1 and LB2 are
set, so that diffracted light beams are vertically gener-
ated by the grating patterns BP. Diffracted light (1st-
order light) vertically generated upon projection of the
beam [.B1, and diffracted light (1st-order light) verti-
cally generated upon projection of the beam LB2 inter-
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fere with each other, and are converted into beat light
BT, which is intensity-modulated at the differential
frequency Af. The beat light BT returns to the objective
lens G1 and a lens system G2, and is split into two
beams by a beam splitter BSM. One of the two split
beam is received by a photoelectric sensor DTm via an
aperture plate APm, and the other beam is received by
a photoelectric sensor DTs via an aperture plate APs.
The aperture plates APm and APs are arranged at a
position conjugate with the photosensitive substrate W
by the objective lens G1 and the lens system G2. The
aperture plate APm is formed with an opening for trans-
mitting only the beat light BT from the grating pattern
BMx, and the aperture plate APs is formed with an
opening for transmitting only the beat light BT from the
grating pattern BSx. The photoelectric sensors DTm
and DTs output sinusoidal AC signals having the fre-
quency Af, and the two signals are supplied to a relative
displacement detection system 100. Since the two AC
signals have a phase difference therebetween in corre-
spondence with the relative displacement, in the X
direction, between the grating patterns BMx and BSx,
the phase difference is measured by the detection sys-
tem 100 with high precision. The detection system 100
includes a digital computer, and the like. The system
100 samples the waveforms of the two AC signals,
thereafter calculates a phase difference ¢ by a Fourier
integration method, and converts the phase difference
into a relative displacement. Assume that the resolution
of the phase difference measurement by the Fourier
integration is £=0.72°. In this case, if a pitch Pg of the
grating pattern is 2 um, and 1-st order diffracted light 1s
used as the beat light BT, since the range of =180° of
the phase difference ¢ corresponds to =Pg/4 as a rela-
tive displacement, the measurement resolution of the
relative displacement 1S
(=Pg/4)x(0.72/180)==+Pg/1,000, thus yielding =2
nm. When the incident angles of the beams LB1 and
L.B2 are set to use 3rd-order diffracted light as the beat
light BT, the relative displacement corresponding to the
range of +180° of the phase difference ¢ is 4 of =Pg/4,
and the measurement resolution becomes as high as
+Pg/3,000.

FIG. 8 shows a schematic arrangement of a stepper
which is subjected to distortion inspection with the
reticle R shown in FIG. 2. The reticle R is aligned to an
optical axis AX of a projection lens PL by detecting its
reticle marks RM;, RM», and RM3 by reticle alignment
systems RA1, RA2, and RA3, respectively. This step-
per is provided with TTL alighment systems TWAX
and TWAYy for detecting the alignment marks, and the
like on a wafer W as a photosensitive substrate via only
the projection lens PL. Also, an off-axis alignment sys-
tem OWA for detecting the wafer marks without going
through the view field of the projection lens PL is pro-
vided. The wafer W is placed on a wafer stage WST,
which is two-dimensionally moved in the X and Y di-
rections, and its coordinate position is measured by laser
interferometers IFMx, IFMy, and IFM6. Therefore,
when the reticle R and the wafer W are moved relative
to each other by AX’ or AY’, the drive operation of the
wafer stage WST is controlled on the basts of measured
length values of the interferometers IFMx and IFMy
(or IFMB).

The relative displacement detection system shown in
FIG. 7 can be assembled in the TTL alignment systems
TWAx and TWAy or the off-axis alignment system
OWA shown in FIG. 8. In this case, if the stepper and
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a coater-developer are assembled in an inline system, a
series of processes from attachment of the reticle R to
distortion inspection can be automated, and a function
of checking a distortion by the stepper itself, 1.e., an
automatic self-check function can be achieved.

A measurement method according to the second
embodiment of the present invention will be described
below. This embodiment basically utilizes a technique,
as disclosed in Japanese Laid-Open Patent Application
No. 2-31142 (corresponding U.S. Pat. No. 4,908,656).
FIG. 9 shows a grating pattern BMx as a main vernier
and a grating pattern BSx as a sub vernier for the X
direction. Central points Cm and Cs of the patterns
BMx and BSx are separated by ATx in the X direction.
In this embodiment, when projected images of the two
grating patterns BMx and BSx are overlap-exposed, the
central points Cm and Cs are set to almost completely.
coincide with each other.

In this embodiment, in FIG. 9, lines and spaces of the
grating pattern BSx are inclined by € from the Y axis. A
width Pc of a light-shielding line (latched portion) and
a width Pd of a space of the grating pattern BSx respec-
tively correspond to a width PB of a space and a width
Pa of a light-shielding line (hatched portion) of the
grating pattern BMx. Furthermore, the interval (pitch)
of the space portions on a line LL passing the central
point of the grating pattern BMx is g;», and the interval
(pitch) of the light-shielding lines on the line L1 passing
the central point of the grating pattern BSx is g. In this
embodiment, for the sake of simplicity, Pa=Pd,
Pb=Pc, and g,,=g;. The inclination angle @ of the lines
and spaces of the grating pattern BSx 1s determined to
be a value small enough to allow drawing of the reticle
pattern, e.g., about 2° to 3°.

When overlapping exposure is performed onto the
wafer W coated with a positive resist layer using the
reticle formed with these grating patterns BMx and
BSx, and the wafer W 1s developed, wedge-shaped
resist patterns Pr; and Pr; appear, as shown in FIG. 10.
These wedge-shaped resist patterns Pr; and Pra corre-
spond to non-exposed portions during two exposure
processes due to.overlapping of the light-shielding lines
of the grating patterns BMx and BSx. Lengths K and
K», in the Y direction, of the wedge-shaped resist pat-
terns Pr; and Pr; become equal to each other when the
central points Cm and Cs of the two grating patterns
BMx and BSx are overlap-exposed to completely coin-
cide with each other. Note that the vertical angle of a
single wedge-shaped resist pattern is 0, and the total
length, in the Y direction, of the resist patterns Pr; and
Pr> becomes Ds’ in correspondence with a length Ds of
the grating pattern on the reticle. If the value of a pro-
jection magnification is represented by M, Ds=M.-Ds’
is ideally satisfied. However, the length Ds’ becomes
slightly shorter than the ideal value depending on the
exposure amount applied onto the resist layer, develop-
ment conditions, and the like.

After the resist patterns shown in FIG. 10 are ob-
tained, the total length Ds’, in the Y direction, of the
wedge-shaped resist patterns Pri and Pr; 1s measured,
and the position of a line LL' for equally dividing the
length Ds’, 1.e., Ds’/2 is calculated Then, lengths K1 and
K, in the Y direction, of the resist patterns Prj and Pr»
are measured. In this embodiment, when the central
points Cm and Cs of the two grating patterns BMx and
BSx perfectly coincide with each other, K 1=K 1s satis-
fied. When the actual overlapping position is slightly
smaller than ATx due to the distortion amount or an
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error corresponding to the relative displacement AX’,
K1> K3 1s satisfied; conversely, when the actual over-
lapping position is slightly larger than ATx, Ki<K> is
satisfied. When K;=Kj,, a central line Lcc, in the Y
direction, of the resist patterns Pr; and Pr; shown in
FIG. 10 must coincide with the central line LL’ corre-
sponding to Ds’/2. An omission region having a width
of Ds'—(Kj1+ K3) in the Y direction is present between
the resist patterns Prj and Pr;.

Thus, the deviation, in the Y direction, of the central
line Lce from the central line L' is proportional to an
alignment error (including an error caused by a distor-
tion) in the X direction upon overlapping of the two
grating patterns BMx and BSx. If the deviation, in the Y
direction, between the central lines L.cc and LL' is
represented by AYc, AYc is given by:

AYe=(Ds' — (K1 +K3))/24+K1—Ds' /2 (D

or

AYe=Ds' /2 (K3 + (D5 — (K14 K3))/2) )
Equation (1) is used when the deviation is calculated
from the wedge-shaped resist pattern Pr; side, and equa-
tion (2) 1s used when the deviation is calculated from the
wedge-shaped resist pattern Pr; side. Equations (1) and
(2) can be rewritten as:

AYe=(K1—K3)/2 (3)
Furthermore, from the vertical angle 6 of the wedge-
shaped resist pattern, if an alignment error, in the X

direction, between the two grating patterns BMx and
BSx is represented by ADx, ADx is given by:

ADx ~ A ¥c-siné (4)
If the vertical angle @ is about 3°, the deviation AYc is
obtained as the error amount ADx in an about X20
enlargement scale. Therefore, if the measurement reso-
lution of the lengths K;and K>, in the Y direction, of the
wedge-shaped resist patterns Prj and Pr; is about 0.02
pm, it can be converted into an error amount in the X
direction, i.e., a resolution of about 1 nm.

Thus, when the grating patterns BMx and BSx are
formed on each of the pattern element regions CPA and
CPX shown in FIGS. 2 and 3, the distortion amount
change rate in the X direction can be measured with
high precision as in the first embodiment. Note that the
dimensions of the wedge-shaped patterns Pr; and Prs
shown in FIG. 10 can be measured using the TTL align-
ment system TWAXx or TWAy, the off-axis alignment
system OWA, or the like of the stepper shown in FIG.
8. In this case, by utilizing the periodic structure of the
resist patterns Pr; and Pr;, a method wherein an align-
ment system for projecting a slit-shaped laser spot onto
a wafer W is assembled, and a change in intensity of
diffracted light generated by the periodic structure is
photoelectrically detected in synchronism with the
relative scan between the slit-shaped laser spot and the
wafer (resist patterns Pr; and Pr;) (e.g., disclosed in
Japanese Laid-Open Patent Application No. 2-31142
described above) can be adopted.

In this embodiment as well, the wedge-shaped resist
patterns Pr; and Pr; are caused to appear by develop-
ment. Alternatively, a latent image, on the resist layer,
of an overlapping image of the two grating patterns
BMx and BSx, or an image appearing on a photochro-
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mic layer may be detected. Alternatively, a photochro-
mic layer may be formed on the surface (having an area
equal to or larger than that of the projection view field)
of a reference plate FM fixed on the wafer stage WST
of the stepper (FIG. 8), the patterns on the reticle may
be overlap-exposed on the photochromic layer to form
a visual image, and the visual image may be detected by
the off-axis alignment system OWA. Note that a tech-
nique for projecting and printing a micropattern image
on a photochromic layer by ultraviolet rays, observing
using an observation microscope if the printed image is
good, and erasing the printed image by radiating strong
visual light onto the photochromic layer if the printed
image is not good is known in Japanese Patent Publica-
tion No. 41-10550 (corresponding U.S. Pat. No.
3,260,153), and can be utilized.

In each of the above embodiments, in execution of
exposure upon shift by AX’ or AY’, the wafer stage
WST 1s moved. Alternatively, the reticle R may be
moved. In this case, the reticle R is preferably moved
by ATx and ATy with relatively high precision using a
length measurement device (an encoder, a potentiome-
ter, or a laser interferometer) for measuring the moving

“position of a reticle stage which holds the reticle R. In

the projection view field of a full-field type projection
optical system, since identical image height points from
the optical axis AX generally have the same distortion
amount, the distortion characteristics in the X direction
may be examined by only measurement in the X direc-
tion. In this case, only two exposure operations are
required.

Also, the present invention can be applied to a scan
type exposure apparatus for illuminating a reticle with
slit-shaped or arcuated illumination light, and perform-
Ing exposure by scanning the reticle and a wafer relative
to each other. The distortion amount measured in this
case mncludes scanning precision.

3. Problems of Basic Differential Method

An embodiment to be described below solves prob-
lems in the above-mentioned basic embodiments. The
problems of the above embodiments will be described
below.

According to the measurement method based on the
differential method described in the basic embodiments,
the actual interval between the first exposure shot and
the second exposure shot, which is exposed after a pho-
tosensitive substrate (e.g., a wafer) is moved by Aa
(corresponding to AX’' or AY’) in the measurement
direction, is influenced by a stepping error of a wafer
stage 1n a strict sense. More specifically, as described
above, when the first shot is used as a reference shot,
and the second shot is exposed to be shifted from the
first shot by Aa in the measurement direction, a mea-
surement reference pattern (main scale corresponding
to the patterns BMx and BMy in FIG. 3) exposed in the
first shot, and a measurement reference pattern (sub
scale corresponding to the patterns BSx and BSy in
FIG. 3) exposed in the second shot are arranged on a
reticle to have a designed interval therebetween, which
interval is converted into a value Aa on the photosensi-
tive substrate side.

When the second shot is exposed at a position shifted
by Aa from the first shot, a relative displacement d
between the main and sub scales is measured as a differ-
ence 1n distortion value at that image height point. More
specifically, if the actually measured interval between
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actual main and sub scale images is represented by a, the
following relationship 1s established:

d=ag--Aa

However, in this case, if the second shot is exposed at
a position shifted by (Aa+ As) from the first shot due to
a stepping error As of the stage, an actual distortion
measured value d' (corresponding to the distortion
change rates D’'(x) and D’(y) shown in FIG. 1C) at each

measurement point is given by:

d'a—(Aa+As)=(a— Ag)— As=d—As (5)

More specifically, the distortion measured value d’
undesirably becomes smaller than an original distortion
value d by As. For this reason, when this stepping error
is not considered, measurement precision is influenced
by the stepping error of the stage.

Furthermore, in the differential method, a distortion
difference d; between the reference position and the
first measurement position, a distortion difference d;
between the first and second measurement positions, . .
. , a distortion difference d between the (i-1)-th and i-th
measurement positions are obtained, and an accumu-
lated value of these distortion differences 1s used as a
distortion value Di (corresponding to the distortion
characteristics F(x) in FIG. 1D) at the 1-th measurement
position. Therefore, if the stepping error As is present,
actually measured values d{’, d2’, . . . d/ corresponding
to the distortion differences di, ds, . . . , d;are given by:

d\'=d1—As, &y’ =dy—As, . . ., di =di—As (6)

The distortion value D; at the i-th measurement posi-

tion is given by:
Di=d1+d2+. .. +d; (7)

Therefore, a measured value D;' corresponding to the
distortion value D;1s given by:

(8)

Di =d +dy + ...+ df

={d} — As) + (d2 — As) + . .. + (d; — As)
= Dij— I X As

As can be seen from the above description, the step-
ping error increases as the distortion differences from
the reference position are added to each other. More
specifically, the stepping error remains even when the
distortion characteristics are calculated using only the
basic equation of the differential method:

; ©)
Dy ={ 2 dik }Sx/Aa
k=0

In order to solve this problem, the following method
may be proposed. That is, in this method, the interval
between specific patterns in an exposure field 1s used as
a reference interval, a difference between this interval
and a designed value is calculated, and the distortion
measured value is corrected using the difference as the
stepping error of the stage. For example, it can be con-
sidered that the distortion measured value d; between
the reference position and the first measurement posi-
tion is difference from the true value d; by the stepping
error As. However, when the true value dj of the first
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measurement position 18 not corrected, 1.e., when a
distortion measured value d;” after the first measure-
ment position is corrected 1s assumed to be As, since the
respective actual distortion values d; are given by equa-
tion (3), if the stepping error As is corrected as d;, cor-
rected distortion measured values d;’, d”, ..., d;" are
given by:

d\" =As, dy" =dy—df' =d;—d1 (10)

Therefore, a corrected distortion measured value D;”
at the i-th measurement position is given as follows with
respect to the true value Dy

Di'=Dij+{I—1)Xdy (11)

More specifically, in this case, the distortion differ-
ence di at the two end of the reference interval influ-
ences the distortion value at another measurement posi-
tion as a calibration error.

With this differential method, although the distortion
difference in a specific direction (e.g., the X direction)
can be measured from a combination of the first and
second shots, the distortion difference in another direc-
tion (e.g., the Y direction) cannot be simultaneously
measured. For this reason, when a rotation error

amount between the first and second shots for measure-
ment in the first direction is different from a rotation
error amount between the first and second shots for
measurement in the second direction, a measurement
error caused by the rotation error amount difference
OCCUTS. _

For example, in FIG. 11, assume that a grating-
shaped measurement pattern is projected in a shot re-
gion 4 in the first exposure process, and measurement
points P1’ (Ax, 0) and P2'(0, Ay) separated by one step in
the X and Y directions from the origin O as the refer-
ence position will be examined below. Upon execution
of the second exposure processing after stepping by Ax
and Ay in the X and Y directions, assume that, due to
yawing (swing) of the stage or the like, a shot region §,
which is rotated clockwise by an angle 8 from the shot
region 4 upon stepping in the X direction, 1s exposed,
and a shot region 6, which is rotated counterclockwise
by an angle ¢ from the shot region 4 upon execution of
stepping in the Y direction, is exposed. In this case,
upon rotation of the shots, the ideal grating point Py’
(Ax, 0) in the X direction moves to a point P1 having
coordinates (Ax-cosf, — Ax-sin@), and the ideal grating
point P;’ (O, 8y) in the Y direction moves to a point P2
having coordinates (Ay-sinf, Ay-cosd).

Therefore, it is considered that an arbitrary measure-
ment point P3’ (mAx, nAy) moves to a point P3 having
coordinates (dx, dy) upon rotation of the second shot,
and dx and dy are respectively given by:

dx=m-Ax-cos@ 4 n-Aysind (12)

dy=n-Ay-cos ¢ —m-Ax-sinb (13)

A square of a distance r between the reference point
(0, 0) and the measurement point P3' (mAx, nAy) is
given by:

2= m2Ax2 4 2y (14)
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In contrast to this, a square of a distance R between
the reference point (0, 0) and the rotated point P3 hav-
ing the coordinates (dx, dy) is given by:

R?> = (m-Ax-cos8 + n- Ay - sind)? +
(n-Ay-cosd — m - Ax - sin6)?

(15)

= (m-Ax)* + (n- Ay +
(m - Ax) - (n - Ay) - (cosOsind — cosdsiné)
= (m-Ax)* + (n- Ay +
(m-Ax)-(n-Ay)-sin(¢p — 6)

As can be seen from comparison between equations
(9) and (10), when the angle @ is different from the angle
¢, the origmal distance r does not coincide with the
measured distance R, i.e., a magnification error is gener-
ated.

Thus, in a differential method wherein a distortion
value difference between adjacent positions is calcu-
lated, and an accumulated value of distortion value
differences from the reference position in the exposure
field of a projection optical system to a certain measure-
ment position is determined as a distortion value at the
measurement position, the improved embodiment can
provide a method which can satisfactorily correct a
stepping error (stepping correction error), and can
quickly obtain a precise distortion measurement result,
and a method which can satisfactorily correct a magni-
fication error caused by a difference between rotation
errors of shots having different measurement directions,
and can quickly obtain a precise distortion measurement
result. |

4. Principle of Improved Embodiment

The principle of correcting a magnification error
caused by a stepping error and a rotation error will be
described below with reference to FIGS. 12A to 13.

For the sake of simplicity, assume that the first mea-
surement direction in the exposure field of the projec-
tion optical system is defined as the X direction, and a
difference Dp, between distortion values D(x;) corre-
sponding to a curve 1A between p-th and g-th measure-
ment points X, and x4 in the X direction is calculated, as
shown in FIG. 12A. The g-th measurement point x, is
obtained by exposing the first main measurement mark
of the p-th measurement point x, by moving a photosen-
sitive substrate by a distance L (added with a stepping
error Apq1n practice) in the X direction. The distance L
i1s determined so that a difference, in the X direction
between the (q-1)-th and g-th measurement points be-
comes equal to Aa as the step amount in the X direction.
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the g-th measurement point x,is obtained by translating
the curve 1A. More specifically, when the measurement
point x; is defined as a projection optical axis, the mea-
surement point x4 is present outside the exposure field.

In this case, the stepping error (or stepping correction
error) as the first object is corrected as follows. That is,
when the photosensitive substrate is moved by Aa in the
X direction, and an image on a mask is exposed, an
image having a distortion value corresponding to a
curve 2A obtained by moving the curve 1A by Aa
(added with a stepping error € in a strict sense) in the X
direction is exposed, as shown in FIG. 12B. Aa is an
original interval between the image of the first main
measurement mark (corresponding to BMx and BMy in
FIG. 3) and the image of the first sub measurement
mark (corresponding to BSx and BSy in FIG. 3), and
corresponds to the interval ATx (ATy) in the embodi-
ment shown in FIGS. 1A to 5.
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Then, distortion value differences (distortion differ-
ential values) dp+1), dpp+2), . - . , d; between the p-th
and (p+1)-th measurement positions, between the
(p+1)-th and (p+2)-th measurement positions, . . . ,
between the (g-1)-th and g-th measurement positions are
calculated, as shown in FIG. 12C. Therefore, the distor-
tion value difference Dp; between the p-th and g-th
measurement points 1s calculated as follows:

Dpg=dp+1)+dp42)+. . . +dg (16)

When the first main measurement mark located at the

p-th measurement point xp is exposed at the g-th mea-

surement point X4, the moving distance L is precisely
measured using, e.g., a laser interferometer, thereby

- measuring the stepping error Ap,. The error A, is also

measured by exposing the measurement points X, and x,
to overlap each other, and measuring a relative dis-
placement therebetween. If the error Ay, is defined as a
true value, since the stepping error € in the differential
method satisfies the relation Dpg+(@—p)e=A,, (Where

q—q 1s the distance between the points x, and x,), the
error € is given by:
€=(Apg—Dpg)/(q—p) (17)

Therefore, a value d;, after stepping error correction,
of a measured value d;of the distortion differential value
between the i-th and (14 1)-th measurement points is
given by:

di =d;+€e=d;i+(Apq—Dpg)/(g—Pp) (18)

Upon calculation of the error Ap, when stepping
exposure is performed so that the p-th and q-th measure-
ment points X, and x; overlap each other, the influence
of the stepping error can be reduced using an averaging
effect by exposing and measuring a large number of
shots. On the other hand, when the distance between
the p-th and g-th measurement points is directly calcu-
lated, the same effect can be obtained by increasing the
number of times of measurement. Also, in the second
measurement direction (e.g., Y direction), the calcula-
tion of the distortion value, and correction of the step-
ping error are similarly performed by the differential
method.

A method of eliminating the influence of a difference
between rotation errors in units of shots depending on
measurement directions as the second drawback de-
scribed above will be described below with reference to
FIG. 13. When the first projected image of a mask
formed with measurement marks is defined as a shot
region 4, a rotation error of a shot region 5 obtained by
exposing the mask image by shifting a photosensitive
substrate by Aa (corresponding to ATx in FIGS. 1A to
5) in the X direction is defined as an angle 6, and a
rotation error of a shot region 6 obtained by exposing
the mask 1image by shifting the photosensitive substrate
by Ab (corresponding to ATy in FIGS. 1A to 5) in the
Y direction is defined as an angle ¢, the rotation error
between the shot regions 5 and 6 is an angle (6 — ¢).

In this case, in this embodiment, the rotation error of
the shot region 6 is adjusted to that of the shot region 5,
or vice versa. For this purpose, for example, measure-
ment marks for measuring a rotation error are formed
on the mask, as indicated by measurement mark images

R1, R2, R3, and R4. The measurement mark image R1
becomes a measurement mark image R1x in the shot
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region 5, the measurement mark image R2 becomes a
measurement mark image R2y in the shot region 6, the
measurement mark image R3 becomes a measurement
mark image R3x in the shot region §, and the measure-
ment mark image R4 becomes a measurement mark
image R4y in the shot region 6. When the rotation error
(60 —3)=0, the measurement mark images R1x and R2y
coincide with each other, and the measurement mark
images R3x and R4y coincide with each other.

Thus, the rotation error (6 — ¢) is calculated based on
the relative displacement between the measurement
mark images R1x and R2y, and the relative displace-
ment between the measurement mark images R3x and
R4y. Then, for example, the distortion differential value
in the Y direction obtained from the relative displace-
ment between the shot regions 6 and 4 is corrected for
the rotation error (0 —¢). This correction 1s equivalent
to adjustment of the rotation state of the shot region 6 to
that of the shot region 5. With this correction, the error
of the distortion (e.g., a magnification error) value
caused by the rotation error (60— ) is eliminated. Al-
though the measurement result of the distortion value is
rotated in correspondence with the shot region §, this
simple rotation is normally corrected as rotation of a
reticle.

This will be explained in a pure general fashion be-
low. The second shot for the first measurement direc-
tion (X direction), and the second shot for the second
measurement direction (Y direction) are exposed to
partially overlap each other, and overlapping errors
(Aui, Auz) and (Avi, Ava) of these two shots are calcu-
lated at two points U (u1, uz) and V (vi, v2) on the first
reference shot. A rotation error A@ between the shot
regions 5 and 6 upon movement in the first and second
measurement directions is calculated using the follow-
ing equation:

o rr (19)
N (Avg — Ay 4 (A — Aup)?

Al =
N1 — 112 + (2 — w2)?

When the second measurement direction 1s expressed
by a direction cosine (w1, w2), a position error (Arx,
Ary) caused by the rotation error of the shot region
obtained by exposing the pattern by shifting the sub-
strate in the second measurement direction with respect
to the shot region obtained by exposing the pattern by
shifting the substrate in the first measurement direction
is given by:

Arx=wi-CosAf —wysinAf

Ary=w1-sinA@ +wy-cosAf 21)

Therefore, if the distortion differential value in the
second measurement position at that position is (d;, d»),
this differential value is subjected to rotation error cor-
rection of the angle A8 for this differential value, and a
corrected distortion differential value (d;’, d’) is ob-

tained as follows:
d|'=dy—Arx=d|—wj-cosA0 4+ wy-sinAf (22)
d\'=dy— Ary=d>—w1-sinA8 —wy-cosA8 (23)

When a total sum of distortion differential values at
the respective measurement points from the reference
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position 1s calculated using the above-mentioned value
as the distortion differential value in the second mea-
surement direction, the rotation error can be corrected.

To summarize the above description, as for a stepping
error, if the distortion value of a certain point at the end
of the exposure field is obtained as a sum of m distortion
differential values, the stepping error € in the differen-
tial method influences an error of mX € at the point at
the end of the exposure field. In order to reduce this
influence by averaging it in N shot exposure processes
and N measurement processes, (the number of measure-
ment points per shot)X(the number of measurement
shots) measurement processes are required.

In contrast to this, in the method of calculating the
distortion difference D4 between two predetermined
measurement points, measurement processes corre-
sponding to the number of measurements shots for aver-
aging need only be added. If the measurement repro-
ducibility in measurement is smaller than the stepping
error, the total number of measurement marks required
for obtaining given precision can be reduced as com-
pared to the basic differential method.

As for a magnification error caused by the rotation
error, the measured value in one direction (e.g., the Y
direction) 1s corrected for the position error (Arx, Ary)
caused by rotation. Since a relative rotation error be-
tween a shot region in one measurement direction and a
shot region in the other measurement direction is cor-
rected in advance under the assumption that the rota-
tion error A@ 1s an angle (6 — o), it can be considered
that the shot regions in the two measurement directions
are rotated by the same amount in the same direction in
the absolute coordinate system, thus causing no magni-
fication error.

5. Detailed Procedure of Improved Embodiment

An example of a distortion inspection method for a
projection optical system according to this embodiment
will be described below with reference to the accompa-
nying drawings. This embodiment is applied to a case
wherein the distortion characteristics of a projection
optical system are measured in a projection exposure
apparatus (stepper) for transferring a pattern on a reticle
onto a wafer via the projection optical system by a
step-and-repeat method.

FIG. 14 shows a projected 1mage of a test reticle used
in this embodiment onto a wafer. Referring to FIG. 14,
images MPQG, 1)) =1, 2, ..., m;j=1,2,...,n) of
measurement mark groups are aligned on a test reticle
image 7P in a matrix at pitches Sx and Sy in the X and
Y directions. On the test reticle image 7P, images R1
and R2 of two rotation measurement mark groups are
aligned in a diagonal direction of a measurement mark
image MP(2, 2), and images R3 and R4 of two rotation
measurement mark groups are aligned in a diagonal
direction of a measurement mark image MP (m—1,
n—1). The rotation measurement mark images R1 and
R2 are arranged to be separated by Aa and Ab in the X
and Y directions, and the rotation measurement mark
images R3 and R4 are arranged to be separated by Aa
and Ab in the X and Y directions. Note that the intervals
Sx and Sy are different from the intervals Aa and Ab.

Each measurement mark image MP(, j) 1s divided
into 4 x 4 blocks, as shown in FIG. 15A. Of these
blocks, fiducial mark images XMx and XMy for measur-
ing a difference in the X direction, reference mark im-
ages XSx and XSy for measuring a difference in the X
direction, fiducial mark images YMx and YMy for mea-
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suring a difference in the Y direction, and reference
mark images YSx and YSy for measuring a difference in
the Y direction are aligned on the eight blocks, and the
remaining eight hatched blocks are formed as light-
shielding portions. As shown in FIG. 16, each of the
fiducial mark images XMx and YMx is defined by po-
lygonal line-shaped mark images 8, which cross the X
direction at an angle 6, each of the reference mark im-
ages XSx and YSx is defined by mark images obtained
by inverting the mark images 8 shown in FIG. 16 about
the X axis, each of the fiducial mark images XMy and
YMy 1s defined by mark images obtained by rotating the
mark images 8 in FIG. 16 through 90°, and each of the
reference mark images XSy and YSy is defined by mark
images obtained by inverting the fiducial mark image
XMy or YMy about the Y axis. The interval, in the Y
direction, between the fiducial mark image YMx and
the reference mark image YSx is determined to be AT,
the interval, in the X direction, between the fiducial
mark image XMy and the reference mark image XSy is
determined to be AT;, and the relationship between
other fiducial and reference mark images is also simi-
larly determined.

In this case, when the measurement mark image
MP(3, j) 1s moved in the X direction by Aa as the step
amount upon execution of the differential method in a
state free from any aberrations including a distortion in
FIG. 15A, the reference mark images XSx and XSy for
the X direction of the measurement mark image M(j, j)
respectively overlap the fiducial mark images XMx and
XMy for the X direction of a neighboring measurement
mark image MP(i+ 1, j). Also, when the measurement
mark image M(j, j) is moved in the Y direction by Ab as
the step amount upon execution of the differential
method, the fiducial mark images YMx and YMy for the
Y direction of the measurement mark image M(, j)
respectively overlap the reference mark images YSx
and YSy for the Y direction of a neighboring measure-
ment mark image M(i, j+1). More specifically, in this
embodiment, in place of moving an image so that a
fiducial mark and a reference mark present in a single
measurement mark group image MP overlap each
other, the marks in two mark group images are caused
to overlap each other. For this reason, the moving
amounts (intervals) Aa and Ab are determined to satisfy
Aa=S8Sx—AT; and Ab=Sy—AT),.

On the other hand, each of the rotation measurement
mark images R1 and R3 in FIG. 14 is formed to include
the same marks as the fiducial mark images XMx and
YMy which marks are located at two positions in 2 X2
blocks, as shown in FIG. 15B, and each of the rotation
measurement mark images R2 and R4 is formed to in-
clude the same marks as the reference mark images XSx
and YSy, as shown in FIG. 15C. In this case, when the
rotation measurement mark image R1 (or R3) is moved
by Aa in the X direction, and the rotation measurement
mark image R2 (or R4) is moved by Ab in the Y direc-
tion, the reference mark images XSx and YSy of the
rotation measurement mark image R2 (or R4) respec-
tively overlap the fiducial mark images XMx and YMy
of the rotation measurement mark image R1 (R3).

A method of measuring a relative displacement using
the polygonal line-shaped mark images 8 in FIG. 16 will
be described below with reference to FIGS. 17A and
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the relative displacement in the Y direction, as shown in
FIG. 17A, the mark images 8 are exposed as fiducial
mark 1mages, and mark images 9 (an image obtained by
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inverting the mark image 8 about the X axis) are ex-
posed as reference mark images. If the mark images 8
and 9 are defined by dark portions, and a resist layer on
a wafer 1s of positive type, rhombic mark images 10 are
left in a matrix shape on the wafer. When a slit-shaped
spot beam 11 extending in the Y direction is projected
from an alignment system of the stepper shown in FIG.
8 onto these rhombic mark images 10 and is scanned in
the X direction, and light reflected by these marks is
received, a photoelectric signal S is obtained, as shown
in FIG. 17B. When the peak positions, in the X direc-
tion, of this signal S are obtained by waveform analysis,
intervals L1 and L2 between the adjacent mark images
10 are obtained. The difference between these two in-
tervals L.1 and L2 corresponds to an enlarged one of the
relative displacement, in the Y direction, between, the
fiducial and reference mark images 8 and 9 in the X
direction in an enlarged scale corresponding to a recip-
rocal number multiple of the sinusoidal value of the
angle 9. |

Therefore, when the polygonal line-shaped mark
images 8 shown in FIG. 16 and mark images obtained
by inverting these mark images about the X axis are
used, the relative displacement in the Y direction can be
measured with high precision; when mark images ob-
tained by rotating the mark images 8 through 90° and
mark images obtained by inverting these mark images
about the Y axis are used, the relative displacement in
the X direction can be measured with high precision.
Since the rotation measurement mark images R1 and R2
are formed with mark images in the two directions, the
relative displacements in the X and Y directions can be
measured by causing these rotation measurement mark
images R1 and R2 to overlap each other. The same
applies to the rotation measurement mark images R3
and R4. The detailed relative displacement measure-
ment method using the polygonal line-shaped mark
images 8 shown in FIG. 16 is disclosed in Japanese
Laid-Open Patent Application No. 4-209518 (U.S. pa-
tent application Ser. No. 984,558 filed on Dec. 2, 1992).

Note that, in FIG. 15A, the fiducial mark images for
measuring a difference in the X direction consist of the
mark images XMx and XMy in the two directions, and
the reference mark images for measuring a difference in
the X direction also consist of the mark images XSx and
XSy m the two directions. Therefore, when the test
reticle image is projected to be laterally shifted from the
test reticle image 7P (FIG. 14) by a predetermined
amount in the X direction, and a distortion differential
value in the X direction is calculated, the Y component
of the differential value can be obtained as well as the X
component of the differential value. This is to obtain the
Y component of the differential value so as to obtain
distortion characteristics in an arbitrary direction with
high precision in consideration of, e.g., a case wherein
the measurement direction does not always coincide
with the X or Y axis. Therefore, when the measurement
direction coincides with the X direction, and detection
precision of the distortion characteristics is relatively
low, the Y component of the differential value may be
ignored. The fiducial and reference mark images for
measuring a difference in the Y direction also consist of
the mark images in the two directions for the same
reason as described above.

A distortion characteristic measurement method of
this embodiment will be described below with reference
to the flow chart in FIG. 18.
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1n step 101 in FIG. 18, a test reticle corresponding to
the projected image shown in FIG. 14 is placed on the
object surface of a projection optical system to be in-
spected, and the test reticle image 7P is projected onto
a wafer W coated with a resist via the projection optical
system, as shown in FIG. 19. Thereafter, in step 102, the
wafer W is moved by pitches Px and Pyinthe X and Y
directions by the step-and-repeat method, and the test
reticle image i1s exposed on the wafer W in a matrix.
Thus, as shown 1n FIG. 19, the test reticle image 7P and
test reticle images 7P;; which are the same as the image
7P are exposed on the wafer W at the pitches Px and Py
in the X and Y directions.

In step 103 in FIG. 18, the wafer W is moved by Ax
from the state shown in FI1G. 19 1n the X direction, and
the test reticle image 7P 1s overlap-exposed. Thereafter,
in step 104, the wafer W is moved by Ab from the state
shown in FIG. 19 in the Y direction, and the test reticle
image 7P is overlap-exposed. Thus, in FIG. 19, an
image 12P obtained by shifting the image 7P by Aa in
the X direction, and an image 13P obtained by shifting
the image 7P by Ab in the Y direction are overlap-
exposed on the test reticle image 7P, and an image ob-
tained by shifting the image 7P;; by Aa in the X direc-
tion, and an image obtained by shifting the image 7P; by
Ab in the Y direction are overlap-exposed on each of
other test reticle images 7P;. In step 105, the triple-
exposed wafer W is developed. If the resist layer on the
wafer W is of positive type, only dark portions of the
triple-exposed portions are left as projecting portions
after development.

In step 106 in FIG. 18, the relative displacements, in
the X and Y directions, between the fiducial and refer-
ence mark images on the developed wafer are mea-
sured. For example, the relative displacement in the X
direction includes relative displacements between refer-
ence mark images XSx and XSy of an image MX(, j)
obtained by moving the measurement mark image MP
(1, j) by Aa in the X direction, and the fiducial mark
images XMx and XMy of the neighboring measurement
mark image MP(i+ 1, J) obtained in the first exposure
process, and these relative displacements mthe X and Y
directions are measured by the method described above
with reference to FIGS. 17A and 17B. Similarly, the
relative displacement in the Y direction includes rela-
tive displacements between the fiducial mark images
YMx and YMy of an image MY(j, j) obtained by mov-
ing the measurement mark image MP(i, j) by Ab in the
Y direction, and the reference mark images YSx and
Y Sy of the neighboring measurement mark image MP(,
j+1) formed in the first exposure process, and these
relative displacements in the X and Y directions are
measured by the method described above with refer-
ence to FIGS. 17A and 17B.

Thereafter, 1n step 107, differences (distortion differ-
ential values) between distortion values in the X and Y
directions are calculated by the differential method. For
example, when the X component of the distortion dif-
ferential value in the X direction is to be calculated, if

the measurement mark images MP(p, j), MP(p+1, j),.. 60

. » MP(q, j) in FIG. 14 are caused to correspond to the
measurement points Xp, Xp4 1, - . - , Xg1n FIG. 12A, rela-
tive displacements D(x;) in the X direction between the
fiducial and reference mark images at these measure-
ment points are simply calculated, as shown in FIG.
12B. Thereafter, when each relative displacement D(x;)
is multiplied with Sx/Aa, a corrected distortion differ-
ential value d; (FIG. 12C) is obtained. Similarly, the Y
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component of the distortion differential value in the X
direction, and the X and Y components of the distortion
differential value in the Y direction are calculated.

In step 108 1n FIG. 18, the stepping error is corrected
from these distortion differential values. In this case, in
this embodiment, as shown in FIG. 19, an image 7P3;
projected in the first exposure process, and an image
P12 exposed by laterally shifting the image 7P3; by Aa
in the X direction in the second exposure process over-
lap each other at a measurement point 14. On the mea-
surement point 14, a measurement mark image MP(1, j)
(see FIG. 14) on the image 7P2; and a measurement
mark image MP(m, j) on the image 12P are exposed to
overlap each other. Similarly, in FIG. 19, an image
7P12 projected m the first exposure process, and an
image 13P exposed by laterally shifting the image 7P1>
by Ab in the Y direction in the third exposure process
overlap each other at a measurement point 15 in FIG.
19. On the measurement point 15, a measurement mark
image MP(i, 1) (see FIG. 14) on the image 7P17 and a
measurement mark image MP(i, n) on the image 13P are
exposed to overlap each other. In this case, the distance
from the measurement mark image MP(1, j) on the test
reticle image 7P to the measurement mark image MP(],
j) on the image 7P>1 is measured with high precision by,
€.g., a laser interferometer, and the distance from the
measurement mark image MP(, 1) on the test reticle
image 7P to the measurement mark image MP(, 1) on
the 1mage 7Pi2 1s also measured with high precision by
the laser interferometer.

An overlapping error between the measurement
mark image MP(m, j) in the second shot (e.g., image
12P) and the measurement mark image MP(], j) in the
neighboring first shot (e.g., image 7P;1), and an overlap-
ping error between the measurement mark image MP(,
n) in the third shot (e.g., image 13P) and the measure-
ment mark image MP(i, 1) in the neighboring first shot
are calculated. Then, an average value (AMinx, AMiny)
obtained by averaging the overlapping errors in the X
direction in units of shot regions in FIG. 19, and an
average value (AMmjx, AMmjy) obtained by averaging
the overlapping errors in the Y direction in units of shot
regions 1n FIG. 19 are calculated.

Also, assuming that a value (Px+AMinx, AMiny)
obtained by adding the pitch Px, in the X direction,
between adjacent shots in FIG. 19, and the stepping
error in the X direction in a vector manner is a differ-
ence between the positions of the measurement mark
images MP(1, j) and MP(n, J), a stepping error (this
includes X and Y components) € in the X direction is
calculated from equation (17), and each distortion dif-
ferential value is corrected using equation (18). Simi-
larly, assuming that a value (AMmJx, Py4AMmjy)
obtained by adding the pitch Py, in the Y direction,
between adjacent shots in FIG. 19, and the stepping
error in the Y direction in a vector manner is a differ-
ence between the positions of the measurement mark
images MP(, 1) and MP(1, n), each distortion differen-
tial value in the Y direction is corrected using equations
(17) and (18). The positions (i, j) such as the measure-
ment mark images MP(1, J), MP(3, 1), and the like in the
shot used in correction of the differential value are not
himited to a pair of positions, but a plurality of pairs of
positions may be measured.

In step 109 in FIG. 18, a relative rotational error A@
as a difference between the rotational angle of the wafer
W 1n the second shot exposure process shifted by Aa in
the X direction, and the rotational angle of the wafer W
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in the third shot exposure process shifted by Abin the Y
direction is calculated. For this purpose, in FIG. 14, an
overlapping error (Au;, Auy) at the coordinate position
(u1, uz) between an image obtained by shifting the rota-
tion measurement mark image R1 by Aa in the X direc-
tion, and an image obtained by shifting the mark image
R2 by Ab in the Y direction is calculated. Similarly, an
overlapping error (Avj, Av;) at the coordinate position
(v1, v2) between an image obtained by shifting the rota-
tion measurement mark image R3 by Aa in the X direc-
tion, and an image obtained by shifting the mark image
R4 by Ab in the Y direction is calculated. Thereafter,
the relative rotation error A6 between the second and
third shots is calculated using equation (19). In this
embodiment, the measurement of the rotational error
A6 between shots is performed by calculating the rela-
tive displacement between two points on a shot region.
However, the number of points to be measured is not
limited to 2, but the relative displacement may be mea-
sured at three or more points to calculate the rotational
error A6.

In step 110 in FIG. 18, each distortion differential
value in the Y direction is corrected for the shot rota-
tional error 8 using equations (20) to (23). Thereafter, in
step 111, the distortion differential values in the X direc-
tion are sequentially accumulated to calculate distortion
values in the X direction at the respective measurement
points. Similarly, the distortion differential values in the
Y direction are sequentially accumulated to calculate
distortion values in the Y direction at the respective
measurement points. |

Upon manufacture of a test reticle having the pro-
jected image shown in FIG. 14, an electron beam draw-

ing method and a photorepeater method may be pro-

posed. Of these methods, when the electron beam draw-
ing method is used, an original image pattern of fiducial
mark images (e.g., XMXx), and an original image pattern
of the corresponding reference mark images (e.g., XSx)
in the measurement mark image MP(, j) in FIG. 15A
are preferably formed by drawing without movement
of a reticle to be subjected to drawing. Thus, the inter-
vals Aa and Ab in the X and Y directions between the
fiducial and reference mark images can precisely coin-
cide with designed values, and distortion characteristics
can be measured with high precision.

On the other hand, when a test reticle is manufac-
tured by the photorepeater method, it is preferable that
fiducial marks and corresponding reference marks are

simultaneously exposed on the test reticle in units of

exposure processes. Thus, distortion characteristics can
be measured with high precision.

The patterns of the measurement marks and rotation
measurement marks formed on the test reticle are not
limited to those in the projected image shown in FIGS.
15A to 16. That is, marks having any patterns may be
adopted as long as the position difference between a
measurement fiducial position and a corresponding
measurement object position can be measured.

The stepping error correction need not always be
performed between positions at two ends of a shot re-
gion. As the interval between the positions becomes
larger, the number of steps of the difference therebe-
tween 1s increased. For this reason, if the stepping error
(Apg—Dpg) can be measured in equation (18) while the
measurement error remains the same, since the denomi-
nator (q—p) of the correction value becomes larger, the
error of the stepping correction value € can be de-
creased.
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Furthermore, -in the above embodiment, the rota-
tional error correction is performed with reference to
shots in the X direction, but may be performed with
reference to shots in the Y direction. Also, shots in the
both directions may be subjected to rotation correction
with reference to the average rotational error of the
shots in the X and Y directions.

The direction to calculate the differential values in
distortion measurement is not limited to the X and Y
directions. For example, distortion values may be calcu-
lated in a direction crossing the X axis at 45° in the
counterclockwise direction, and a direction crossing the
X axis at 45° in the clockwise direction.

What is claimed is:

1. A distortion inspection method for a projection
optical system for inspecting distortion characteristics
of a projection optical system to be inspected by arrang-
ing a mask formed with measurement patterns at a plu-
rality of predetermined positions on the object surface
side of said projection optical system, transferring pro-
jected images of the plurality of measurement patterns
onto a photosensitive substrate arranged on the image
surface side of said projection optical system, and de-
tecting transfer images of the measurement patterns:
comprising:

the first step of exposing a mask, on which pairs of

first and second measurement patterns are arranged
adjacent to each other to be separated by a prede-
termined interval AT in one direction at positions
on the mask corresponding to a plurality of points
at which distortion amounts are to be inspected in
a projection view field of said projection optical
system, onto said photosensitive substrate via said
projection optical system;

the second step of exposing said mask onto said pho-

tosensitive substrate via said projection optical
system after said mask and said photosensitive sub-
strate are moved relative to each other by an
amount determined by the interval AT with respect
to the state in the first step;

the third step of measuring relative displacements

between overlapping images of the first and second
measurement patterns at different image height
points in the projection view field of said projec-
tion optical system; and

the fourth step of calculating a value obtained by

sequentially accumulating the measured relative
displacements in units of image height values as a
distortion amount at the corresponding image
height point.

2. A distortion inspection method for a projection
optical system for exposing images of measurement
patterns onto a photosensitive substrate via a projection
optical system to be inspected, and inspecting distortion
characteristics of said projection optical system from
states of the exposed images of the measurement pat-
terns, comprising:

the first step of exposing an image on a mask, on

which pairs of first main and sub measurement
marks aligned at an interval AT1 in a first measure-
ment direction, and pairs of second main and sub
measurement marks aligned at an interval AT2in a
second measurement direction are formed at posi-
tions corresponding to a plurality of points at
which distortion amounts are to be inspected in a
projection view field of said projection optical
system, onto said photosensitive substrate via said
projection optical system:;
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the second step of exposing the image on said mask
onto said photosensitive substrate via said projec-
tion optical system after said mask and said photo-
sensitive substrate are moved in the first measure-
ment direction relative to each other by an amount
Aa determined by the interval AT1 and an interval
between adjacent mark pairs, and exposing the
image on said mask onto said photosensitive sub-
strate via said projection optical system after said
mask and said photosensitive substrate are moved
in the second measurement direction relative to
each other by an amount Ab determined by the
interval AT2 and the interval between adjacent
mark pairs;

the third step of measuring a relative displacement, 1n
the first measurement direction, between the first
main and sub measurement mark images, and a
relative displacement, in the second measurement
direction, between the second main and sub mea-
surement mark images at each of the positions,
corresponding to the plurality of points at which
the distortion amounts are to be inspected of said
projection optical system, on said photosensitive
substrate;

the fourth step of exposing the first measurement
mark images onto said photosensitive substrate via
said projection optical system after said photosensi-
tive substrate is moved by an amount correspond-
ing to an exposure field size of said projection opti-
cal system in the first measurement direction, and
exposing the second main measurement mark im-
ages onto said photosensitive substrate via said
projection optical system after said photosensitive
substrate is moved by the amount corresponding to
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the exposure field size of said projection optical
system in the second measurement direction;

the fifth step of exposing the first sub measurement

mark images near the first main measurement mark
images exposed in the fourth step, and exposing the
second sub measurement mark images near the
second main measurement mark images exposed 1n
the fourth step; and

the sixth step of calculating stepping errors of said

photosensitive substrate in the first and second
measurement directions on the basis of intervals
between the first and second main measurement
mark images exposed in the fourth step, and the
first and second sub measurement mark images
exposed in the fifth step,

wherein a distortion amount of said projection optical

system is obtained by accumulating the relative
displacements measured in the third step while
correcting the stepping errors of the photosensitive
substrate calculated in the sixth step.

3. A method according to claim 2, wherein a relative
rotational amount between a case wherein exposure 18
performed after said mask and said photosensitive sub-
strate are moved relative to each other by Aa in the first
measurement direction, and a case wherein exposure is
performed after said mask and said photosensitive sub-
strate are moved relative to each other by Ab in the
second measurement direction is calculated based on
the image on said mask exposed in the second step, and

after the relative rotational amount is corrected by

correcting the stepping errors of said photosensi-
tive substrate calculated in the sixth step, the dis-
tortion amount of the projection optical system 1s
obtained by accumulating the relative displace-

ments measured in the third step.
* % * % ¥
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